The sea urchin orthodenticle (Otx)-related transcription factor is an early activator of other endomesodermally expressed transcription factors. Its normal function is required for the development of the archenteron and to lock cells into endomesodermal fate. To determine if this is a basal Otx function in echinoderms we have studied the role of an Otx ortholog in a starfish, Asterina miniata. The patterns of AmOtx expression are found to be similar, in many details, to those reported for other indirectly developing echinoderms and hemichordates, suggestive of a conserved function both in endoderm development and ciliary band formation in these two phyla. When downstream targets of the AmOtx protein are suppressed using a dominant engrailed repressor strategy, embryos fail to develop the endodermal component of the archenteron, though initial phases of mesoderm development proceed normally. The function of Otx proteins in endodermal development at least predated the evolution of the free-living echinoderms (Eleutherozoa). q
Introduction
A long history of embryological experimentation combined with more recent molecular studies has provided a detailed, mechanistic explanation of how early signaling and gene regulatory systems establish cell fate in the sea urchin. Endomesodermal specification is initiated by early signals from the echinoid-specific micromere cell lineage and the nuclearization of maternal b-catenin (Ransick and Davidson, 1995; Davidson et al., 1998; Wikramanayake et al., 1998; Logan et al., 1999) . The Strongylocentrotus purpuratus Otx protein, SpOtx, acts directly downstream of the b-catenin/Wnt8 signaling pathway and is a main activator of other early endodermally expressed transcription factors Davidson et al., 2002a,b) . Consequently, embryos require normal Otx protein function for archenteron formation and endoderm specification . A gene regulatory network analysis (Davidson et al., 2002a,b) indicates that SpOtx also functions to lock cells into the endomesodermal fate decision in that this gene becomes engaged in a positively acting feedback loop with other regulatory genes involved in endomesoderm specification.
Other than in echinoids, there is inconclusive evidence as to whether Otx proteins might function in endodermal specification. Otx homeodomain transcription factors are found throughout the Eumetazoa and are often expressed in anterior regions, particularly in the neuroectoderm (reviewed in Klein and Li, 1999) . Among echinoderms, the localization of otx transcripts has been determined in embryos of the indirectly developing echinoids S. purpuratus and Hemicentrotus pulcherrimus and in one indirectly and one directly developing holothurian, Stichopus japonicus and Psolus chitinoides, respectively (Li et al., 1997; Mitsunaga-Nakatsubo et al., 1998; Shoguchi et al., 2000; Lowe et al., 2002; Yuh et al., 2002) . Expression has also been reported from Ptychodera flava, a member of the Hemichordata, the sister phylum to the Echinodermata . All these species have a common, and therefore presumably ancestral, expression in the ciliary band ectoderm. Echinoids, P. flava, and amphioxus also express otx gene products in the vegetal pole territory (that will form endomesoderm) prior to, or during, early gastrulation Williams and Holland, 1998b; Harada et al., 2000; Yuh et al., 2002) . This is suggestive of an additional ancestral role for Otx proteins in endomesodermal development in deuterostomes. The function of Otx, however, has not been determined in P. flava or in amphioxus. The ascidian otx gene is also transiently transcribed in endodermal cell lineages prior to and during early gastrulation, but overexpression does not affect the production of an endoderm-specific marker (Wada and Saiga, 1999) . However, since ascidian embryos do not feed, the specification of embryonic endoderm in this group may not be representative. In vertebrates, Otx expression is required for the specification and patterning of the rostral brain and prechordal mesoderm (Simeone et al., 2002) . Otx proteins are also necessary for some aspects of gastrulation; for instance, mouse otx2 mutants fail to elongate the primitive streak and overexpression of Xenopus otx1 disrupts convergent extension movements during gastrulation (Ang et al., 1996; Andreazzoli et al., 1997) . In vertebrates, however, otx genes do not apparently participate in endoderm specification.
Is the fundamental role that Otx proteins have in endomesoderm specification in early sea urchin embryogenesis a synapomorphy of this class of echinoderms, or is it inherited from a more primitively developing ancestor? Here we examine the expression and function of an Otx homologue, AmOtx, from the starfish Asterina miniata. Starfish comprise a class of echinoderms, the Asteroidea, that together with Ophiuroidea (brittle stars) lies on a different evolutionary branch to that which includes the more closely related Echinoidea (sea urchin) and Holothuroidea (sea cucumber) classes (Smith, 1988) . These four classes of echinoderms (the Eleutherozoa) last shared a common ancestor around 500 million years ago (Smith, 1988; Wada and Satoh, 1994) , the time when free-living echinoderms first appear in the fossil record. Starfish have a plesiomorphic type of echinoderm development relative to sea urchins. For instance, early cleavage in starfish is equal, so there are no micromeres or primary mesenchyme cells, and no larval skeleton such as derives from this specialized lineage in sea urchins. Mechanisms of endoderm specification in starfish are, therefore, likely to represent the primitive mode among echinoderms. Extant members of the most basal class of echinoderm, Crinoidea, are all thought to have a derived form of development (Holland, 1991) , although recently an indirectly developing crinoid that is likely more similar to ancestral types was discovered (Nakano et al., 2003) .
Otx exists as a single copy gene in echinoderms and invertebrate chordates but complex alternative splicing and alternative promoter use in echinoids results in multiple transcripts that produce two protein isoforms (Li et al., 1997; Kiyama et al., 1998) . The expression of the otx transcript variants is regulated by different cis-regulatory modules, which respond to different early acting transcription factors (Li et al., 1997; Davidson et al., 2002a,b; Yuh et al., 2002 ). The present study shows that a very similar arrangement of alternative transcriptional initiation and processing exists in A. miniata. Furthermore, as in echinoids, normal Otx function is required for correct development of the endodermal archenteron in A. miniata.
Results

Development of Asterina miniata embryos
The development of A. miniata has not been previously described although descriptions of a closely related starfish, Asterina pectinifera are available (Kuraishi and Osanai, 1992) . Fig. 1 shows the developmental progression of A. miniata from oocyte to bipinnaria larva. As is typical for echinoderms, cleavage is equal (although in A. miniata it is not strictly stereotypic) and the 16-cell embryo generally consists of two planes of eight equal-sized blastomeres (Fig. 1C) . Like sea urchins, starfish embryos can be conceptually divided into an 1 , an 2 , veg 1 and veg 2 cell lineages. In most echinoids, an asymmetric 4th cleavage divides the embryo into macromeres, mesomeres and micromeres. However, a micromere lineage is an echinoid-specific feature, and A. miniata does not form micromeres. By the end of blastulation, the ectoderm is covered in cilia and the embryos start to rotate within the fertilization envelope about 1 h before hatching, at around 26 h. Prior to gastrulation, a thickened vegetal plate appears (Fig. 1E) . Gastrulation occurs by a sequential invagination of the inner to outermost cells of the vegetal plate (Fig. 1F,G) . Cell labeling experiments in A. pectinifera indicate that the early part of the invaginating archenteron, which derives from the veg 2 -lineage, contributes to the rounded top of the archenteron in mid to late gastrulae, and to the anterior coeloms and esophagus of the bipinnaria larva (Kuraishi and Osanai, 1992) . Later invaginating veg 2 cells contribute to the stomach, while the hindgut derives in part, from the still later invagination of the veg 1 cells. Mesenchyme cells migrate from the top of the archenteron during gastrulation (Fig. 1F,G) , but unlike in sea urchins, many more presumptive mesoderm cells remain associated with the archenteron (Fig. 1F,G) and develop into prominent anterior coeloms on either side of the esophagus in the bipinnaria larvae (Fig. 1H,I ). By the late bipinnaria (7d) larval stage, the cilia have coalesced into two distinct bands, a preoral and anal loop (cf. Astropecten auranciacus, Hyman, 1955) , that can be visualized using an antibody against acetylated tubulin (Fig. 1J ).
Five alternative AmOtx mRNAs encode three different proteins
Five alternative transcripts were detected for AmOtx (i.e. AmOtxa, AmOtxb-a-1, AmOtxb-a-2, AmOtxb-a-3 and AmOtxb-b), the conceptual translations of which revealed three different partially overlapping protein products, i.e. AmOtxa, AmOtxb-a and AmOtxb-b (Fig. 2) (Li et al., 1997; Kiyama et al., 1998) . The splicing site for these also occurs in the conserved (D/N)PPRK motif adjacent to the homeodomain. Phylogenetic analyses of the N-termini (up to but not including the homeodomain) of Otx proteins from a range of deuterostomes were performed to examine the evolutionary relationships of these 5 0 exons in echinoderms. This sequence is particular to each of the protein isoforms in A. miniata and the sea urchins. These analyses demonstrate that an Otx protein was present in the common ancestor of echinoderms and hemichordates that is represented by the surviving b forms of starfish and sea urchins, and the b-like Otx of Ptychodera (Fig. 3 bootstrap support 77% ). The alpha forms originated with the elutherozoan ancestor, if not earlier (Fig. 3 , bootstrap support 100%). No significant similarity was found between the additional predicted protein sequence that was unique to AmOtxb-b (represented by a blue box in Fig. 2B ) and any of the other proteins. This is not surprising as the equivalent exon in S. purpuratus encodes for 5 0 UTR and is not expected to have similar functional constraints.
AmOtx transcripts have complex expression profiles throughout embryogenesis
The pattern of expression of the transcripts that encode the three protein forms of Otx, i.e. AmOtxa, AmOtxb-b and AmOtxb-a-1 mRNAs was sought using quantitative realtime PCR (QPCR) to establish relative abundance and whole-mount in situ hybridization (WMISH) to reveal spatial localization. The approximate positions of QPCR primers and regions corresponding to WMISH probes are shown in Fig. 2B .
AmOtxa is first expressed between 15 and 18 h blastula stages and then remains fairly constant throughout gastrulation (Fig. 4) . Transcripts in the 24 h blastula are localized to the vegetal pole region (Fig. 5A,B) . During the early stages of gastrulation, expression remains localized within the invaginating archenteron that derives from the vegetal plate ( Fig. 5C,D) . Expression could no longer be detected by WMISH after this early stage of gastrulation. The first in frame stop codon ahead of the first in frame ATG is boxed. The complete 3 0 UTR was not determined for any transcript. The AmOtxba-2 transcript is identical to AmOtxb-a-1 except that the dashed (pink) and double underlined (purple) sequence in the 5 0 UTR is absent in AmOtxb-a-2; similarly AmOtxb-a-3 is identical to that of AmOtxb-a-1 except that the single (orange) and double underlined (purple) sequence of the b-a-2 form is absent. These three transcripts therefore all encode an identical protein, AmOtxb-a. AmOtxb-a-1 transcripts are first expressed between 15 and 18 h, and are maintained at fairly constant levels until the beginning of gastrulation at 30 h (Fig. 4) . Transcript abundance increases throughout gastrulation (30 -48 h). In blastulae and early gastrulae, AmOtxb-a transcripts are detected ubiquitously except for a ring above the vegetal plate in which staining is reduced (arrows in Fig. 5E,F) . During early to mid gastrulation, expression is not detected within the invaginating archenteron, and staining in the ectoderm, although essentially ubiquitous, is more pronounced in two bands to one side of the embryo (Fig. 5H,I ). A more superficial view of these embryos shows that staining in the ectoderm is mottled (Fig. 5J) . By the final stages of gastrulation, staining is reduced in the aboral ectoderm and is more intense in the oral ectoderm above and below, but not within the oral plate (Fig. 5K) . Cilia are initially located ubiquitously on the ectoderm of embryos but coalesce into bands along ectodermal ridges that coincide approximately with the location of these regions of intense otx ectodermal staining. Transcripts are also localized to the mid and foregut regions of the archenteron.
AmOtxb-b transcripts are present at fertilization and abundance initially diminishes throughout early cleavage (to 16 -32 cell), rising again to peak in the 20 h blastula. Abundance decreases through to early gastrulation (to 36 h) and increases by mid gastrulation (48 h). The spatial expression of these transcripts was first examined in the 24 h blastula where they were detected ubiquitously except for a clearing of stain from around the vegetal pole (Fig. 5L ). This pattern is conserved during early gastrulation where staining is also present throughout the ectoderm but not in the vegetal plate or the early invaginating archenteron (Fig. 5M,N) . By mid gastrula, transcripts are also detected throughout the posterior archenteron (Fig. 5O) . Staining in the ectoderm at this stage is still ubiquitous, but like AmOtxb-a is more intense in two patches to one side of the embryo. By the end of gastrulation, expression in the ectoderm is essentially identical to that of AmOtxb-a at this stage (Fig. 5P) . Expression in these embryos is also detected in the oral side of the midgut.
When considered together, AmOtx transcripts are expressed throughout the ectoderm and vegetal plate until early gastrulation. Transcripts may be absent from a ring above the vegetal plate. Expression is not detected in the top of the archenteron from early gastrulation to early bipinnaria stages or in any mesoderm derivatives. Transcripts are localized to the posterior archenteron that will form the endodermal gut of the larva and remains in all but the most posterior of the gut tube in the 80 h embryo. Expression in the ectoderm becomes more pronounced in two bands along the oral side, one above and one below the oral plate. This staining corresponds approximately to the regions from which the ciliary bands will develop (cf. Fig. 1J ).
Perturbation of normal AmOtx protein function leads to disrupted archenteron formation
Disruption of normal AmOtx protein function was achieved using the same dominant engrailed repressor approach used to disrupt SpOtx protein function in the sea urchin S. purpuratus. A. miniata zygotes were injected with equal amounts of Eng-SpOtxHD(K) mRNA or EngSpOtxHD(Q) mRNA as a control (this construct does not bind to Otx target sites). Injection with any concentration of Eng-SpOtxHD(Q) mRNA (between 0.1 and 0.8 pg/pl) caused no abnormal development. However, a strong phenotype was observed in embryos injected with EngSpOtxHD(K) mRNA, at concentrations ranging from 0.2 to 0.8 pg/pl. By 30 h, embryos that had been injected with 0.4 pg/pl Eng-SpOtxHD(K) had developed into normal-looking hatched blastulae with a thickening at the vegetal pole similar to control injected or uninjected siblings (Fig. 6A,B) . But when control embryos were at mid gastrulation (54 h), embryos resulting from EngSpOtxHD(K) injections have produced a rounded archenteron that is only about half the length observed in controls (Fig. 6C,D) . Cells were observed migrating from the tip of the archenteron and a few mesenchymal cells were evident in the blastocoel (Arrow in Fig. 6C) . The invaginated structure shown in Fig. 6C and the mesenchyme are probably of mesodermal origin (Kuraishi and Osanai, 1992) . Thus, at least to some extent, the anterior mesodermal portion of the archenteron was correctly specified in embryos expressing the Otx-Engrailed fusion. The posterior, cylindrical part of the archenteron had not developed at all. In control embryos, this region expresses alkaline phosphatase (Fig. 6F) , which is a marker of a differentiated gut in starfish embryos (Kuraishi and Osanai, 1994) . Alkaline phosphatase expression was completely absent in half embryos that developed from the single blastomere injected with Eng-SpOtxHD(K) mRNA but was strongly expressed in the uninjected, control half of the embryo (Fig. 6E) . The presence of alkaline phosphatase expression in the unperturbed half of the embryo provides an internal control demonstrating that the staining assay functioned correctly in these embryos. This confirms that a differentiated endoderm does not develop when Otx targets are repressed. Overall, the experimental embryos remained rounded and approximately the same size as blastulae, whilst control embryos had elongated to approximately twice this length (Fig. 6C,D) . By the normal end of gastrulation (80 h), the experimental embryos were still the size of blastulae and had remained rounded, rather than elongating as do control embryos (Fig. 6G,H) . The anterior parts of the archenteron that were present in earlier embryos had disintegrated, leaving a blastopore covered with small, morphologically simple cells. The ectoderm had also failed to form an invagination corresponding to the oral plate/mouth as was present in control siblings.
Discussion
Starfish and sea urchins use multiple Otx transcripts to effect a complex expression profile
Indirectly developing sea urchins and starfish both utilize alternative otx transcripts to establish a complex profile of expression from maternal to larval stages of development. The splicing site that distinguishes the Otxa and Otxb protein forms in these echinoderms occurs four to five amino acids 5 0 to the homeodomain at a conserved motif (D/N)PPRK. Intron/exon boundaries are also located just 5 0 to the Otx homeodomain of mammals, amphioxus, ascidians and Drosophila (reviewed in Williams and Holland, 1998a; Hinman and Degnan, 2000) , although the residues surrounding these are not the same as in the corresponding echinoderm peptides. Thus, the splice site distinguishing the echinoderm Otxa and Otxb isoforms may be very ancient, predating the divergence of protostomes and deuterostomes. The phylogenetic analysis indicates that the Otxb isoform is an ancestral echinoderm/hemichordate form of Otx, since Ptychodera shares a b-like form with the echinoderms, but not an a-like form. In starfish and sea urchins, otxb transcripts are detected ubiquitously in blastulae and then in restricted regions of the ectoderm and parts of the endodermal archenteron of late gastrulae/ larvae. AmOtxa and SpOtxa (like the sole hemichordate protein) are expressed intensely in the vegetal plate. This also suggests an ancestral echinodermal use of this protein isoform, at least in the eleutherozoans.
The S. purpuratus otxa and b forms are transcribed at different basal promoters (Li et al., 1997; Yuh et al., 2002) . The cis-regulatory control region of SpOtx comprises a complex series of modules to provide expression appropriate for each transcript (Yuh et al., 2002) . This is likely to be true for A. miniata, which also uses different transcription starts for the otxa and b forms. There is evidence that there has been some regulatory reorganization between A. miniata and S. purpuratus. In A. miniata, otxa transcripts are first expressed in blastulae while otxb-b transcripts are detected during early cleavage. This situation is reversed in S. purpuratus where otxa is expressed maternally. The functional significance of this is unknown.
Otx expression is partly conserved among echinoderms and hemichordates
If the combination of all transcript forms is considered, otx expression in representative indirectly developing echinoid, asteroid and holothuriod taxa is generally but not completely conserved (this study; Mitsunaga-Nakatsubo et al., 1998; Shoguchi et al., 2000; Yuh et al., 2002) . Transcripts are detected by fertilization and ubiquitously in the early blastula. In the echinoids and asteroids studied, there follows a period of intense vegetal plate expression prior to, and during, the early stages of gastrulation when the endomesoderm is specified. Expression of SjOtx in the holothurian is an exception to this generality, as transcripts are not detected around the vegetal pole of blastula or early gastrula embryos (Shoguchi et al., 2000) . However, late gastrulae and larvae of all three taxa also have otx transcripts localized in the endoderm that forms the stomach and parts of the esophagus and hindgut. Although in starfish and sea urchins, otx transcripts are expressed across the vegetal plate, including the central region that will form mesoderm, expression is not detected in any mesoderm derivatives. We may conclude that for the Eleutherozoa, otx expression in the endoderm is plesiomorphic. Expression is also distributed broadly in these taxa in the ectoderm during gastrulation, becoming increasingly restricted to regions associated with ciliary bands. Directly developing echinoderms also have localized expression of otx transcripts associated with ciliary bands (Lowe et al., 2002) .
The pattern of transcript localization in the hemichordate is very similar to those observed in echinoderms, except that transcripts do not occur in ectodermal and vegetal plate/archenteron territories simultaneously . PjOtx transcripts are first detected in the vegetal plate and archenteron prior to and during gastrulation, but endodermal expression is turned off in early tornaria larva, when expression in the ectoderm is initiated in four broad bands around either side of the developing mouth. The main consequence of this comparison, however, is that otx expression in all three domains, viz the vegetal plate, the early invaginating archenteron and in the ectoderm associated with the ciliary bands, likely reflects an ancestral pattern of otx transcripts at the base of the echinoderm/ hemichordate lineage. Otx transcripts are also first localized to the endomesoderm in both ascidians and amphioxus (Williams and Holland, 1998a,b; Hinman and Degnan, 2000) . This provides evidence that early endomesodermal expression of the otx gene is ancestral for deuterostomes.
Indeed, the ciliary band portion of these expression patterns may have an even more ancient origin. Otx expression in the annelid Platynereis dumerilii is associated with the oral ciliary bands of the trochophore larva, indicative of a role for Otx proteins in oral ciliary band development among the Bilateria (Arendt et al., 2001) . Although expression associated with ciliary band formation in the ectoderm of later embryos is highly conserved between indirectly developing hemichordates and echinoderms, the location of these bands and the specific expression of otx transcripts in the ectoderm varies in the different taxa. For instance SpOtxb and HpOtxL transcripts are distributed broadly across the oral ectoderm during gastrulation while the ectodermal expression of AmOtxb, like that of SjOtx and PjOtx, accumulates in two to four bands around the oral plate (this study; Mitsunaga-Nakatsubo et Harada et al., 2000; Shoguchi et al., 2000; Yuh et al., 2002) . Expression in the ectoderm of late gastrulae and larvae is in fact remarkably similar in starfish, holothurians and hemichordates, despite the closer evolutionary distance between echinoids and holothuroids. These differences are likely to reflect the common formation of ciliary bands in these taxa. The echinoid pluteus has a more derived larval body plan and ciliation pattern.
Normal Otx protein function is required for correct development of endoderm in echinoderms
The normal function of the AmOtx protein was perturbed by injecting eggs with mRNA encoding a fusion of the Drosophila Engrailed repressor domain and the SpOtx DNA binding domain. When downstream targets of AmOtx were repressed in this manner, the archenteron did not extend fully, the embryo as a whole did not elongate and there was no ectodermal invagination corresponding to the oral plate. The absence of alkaline phosphatase expression from the half embryo in which normal Otx function is perturbed, demonstrates that endoderm is not correctly specified when Otx target genes are repressed.
The SpOtx protein regulates many other endodermally expressed transcription factors and its normal function is essential for the formation of the archenteron Davidson et al., 2002a,b; Yuh et al., 2002) . As starfish and sea urchins represent two distinct classes of echinoderms this suggests an ancestral role for Otx protein in endoderm development in this phylum.
The function of otx gene products in the correct development of mesodermal tissues among echinoderms is less clear. In A. miniata, early gastrulation (which involves invagination of the central region of the vegetal plate that will form mesoderm) was not inhibited in embryos in which Otx protein function was disrupted. Also, migration of some mesenchyme cells from the top of this archenteron indicates that mesodermal tissues are, at least in part, specified correctly. However, mesodermally derived structures, such as coeloms, are not detected in later embryos. AmOtx transcripts are expressed in the central region of the vegetal plate that will form mesoderm, but later in development are not detected within the anterior of the archenteron or its mesoderm derivatives such as the coeloms. In S. purpuratus, disruption of the normal function of Otx protein results in embryos in which there is a complete failure of the archenteron to form . Since the majority of mesoderm migrates from the top of the archenteron during gastrulation in S. purpuratus, it is possible that mesoderm development still occurs in an archenteron-less embryo. Furthermore, some blastocoelar cells are noted in these embryos that may be of mesodermal origin . However, SpOtx products regulate at least one secondary mesenchyme gene encoding a transcription factor, i.e. SpNot, as well as numerous endodermal regulatory genes (Davidson et al., 2002a,b) . Therefore in the sea urchin, the otx gene is likely to have some role in the development of mesodermal cell types (Davidson et al., 2002a,b) . This possibility cannot yet be dismissed for A. miniata. We do not know whether the ultimate failure of mesodermally derived structures such as the coeloms to form correctly is a direct effect of the disruption of Otx protein function or is a consequence of earlier developmental defects including the failure of the archenteron to extend correctly and its ultimate disintegration. In conclusion, Otx affects some mesodermal specification functions in pregastrular sea urchin embryos, but at least up to midgastrula stage, the morphological appearance of some anterior mesodermal structures of the starfish embryo does not require normal Otx functions. Importantly, however, the otx gene clearly performs a specific required function in embryonic endoderm formation in both the starfish and the sea urchin.
Materials and methods
Animals and embryo culture
A. miniata were collected off the California coast by Marinus Inc. during summer and maintained year-round in gravid condition. General protocols for starfish gamete procurement and embryo culture (reviewed in Meijer et al., 1984) were modified for use in A. miniata. Males were injected with 5 ml of 200 mM 1-methyladenine (MA, Sigma) which induced spawning in around 30 min. Sperm was collected dry and could be kept at 4 8C for up to one week. Immature oocytes (Fig. 1A) were obtained from females by dissecting one gonad from the body cavity and teasing the oocytes free from the ovarian tissue. Oocytes were matured in 10 mM MA in 0.2 mm filtered sea water (FSW) for around 1 h until the germinal vesicle (GV) had broken down. Immature oocytes could be maintained in FSW on ice for at least 10 h prior to maturation and fertilization. Fertilization was best achieved by adding dilute suspensions of sperm after GV breakdown and prior to the extrusion of the first polar body (Fig. 1B) . Embryos were grown at 15 8C in FSW.
Cloning AmOtx
A partial clone corresponding to AmOtx was isolated using RT-PCR with primers fully degenerate to the conserved TTFTRAQLD and WFKNRRAKC motifs of the Orthodenticle homeodomains. Total RNA was extracted from 20 and 40 h embryos using the 'GenElute' Mammalian Total RNA Miniprep kit (Sigma) and cDNA was random primed using 'Superscript II' reverse transcriptase following manufacturer's instructions (Invitrogen). RT-PCR was performed using 'AmpliTaq' (Perkin Elmer) with the following cycling parameters, 94 8C 1 min, then six cycles of 94 8C 20 s, 40 8C 1 min, 72 8C 30 s, then 35 cycles of 94 8C 20 s, 45 8C 1 min, 72 8C 30 s on 50 ng cDNA. The 153 bp PCR product was cloned into 'pGEM-T Easy' (Promega), confirmed by sequencing, and the insert labeled by random priming using Stratagene's 'Prime-It II' kit. This was used to probe a late gastrula-stage cDNA library which had been constructed in the pSPORT1 vector (Invitrogen) and arrayed on 22 £ 22 cm 2 filters , using high stringency screening conditions .
Twelve independent positive clones with an average insert size of approximately 2 kbp were retrieved, sequenced and compiled. There resulted two contiguous sequences, corresponding to two different transcripts, AmOtxb-a-1 and AmOtxb-b that differ in their N-termini. 5 0 RACE was performed to identify any further variants. A RACE library was constructed using Invitrogen's 'GeneRacer' method using polyA selected RNA from 20 or 40 h embryos. PCR was performed using manufacturer's adaptor primers and a primer within the AmOtx homeobox, GCTGGCGACACTTTGCTCTTCTGTTC. All transcript variants should therefore contain this priming site. Five different amplification products were detected and these were cloned into pGEM-T Easy, sequenced and found to correspond to the two previously isolated transcripts and three additional transcripts, AmOtxa, AmOtxb-a-2 and AmOtxb-a-3.
Whole-mount in situ hybridization and immunohistochemistry
Whole-mount in situ hybridization (WMISH) was performed as described by Arenas-Mena et al. (2000) with the following modifications. Embryos were fixed in 4% paraformaldehyde, 100 mM MOPS pH 7.5, 2 mM MgSO 4 , 1 mM EGTA and 0.8 M NaCl for 90 min at RT. Embryo morphology was greatly improved by fixation in this higher salt buffer. Pre-hybridization, hybridization and posthybridization washes were performed at 60 8C. Optimal probe concentrations were determined experimentally and were approximately 0.15 ng/ml. Embryos were blocked for 30 min in 2% blocking reagent (Roche) in MAB (0.1 M maelic acid, pH 7.5, 0.15 M NaCl, 0.1% Tween-20) followed by an incubation in this solution with the addition of a 1:2000 dilution of anti-DIG alkaline phosphatase conjugated antibody (Roche) for 2 -24 h. Embryos were washed in MAB and the signal detected with NBT/BCIP following standard procedures (Roche). Embryos were mounted for photography in 50% glycerol and 0.5 £ PBS.
PCR products specific to AmOtxa, AmOtxb-b or AmOtxb-a-1, were subcloned into pGEM-T Easy for use as templates for the synthesis of antisense DIG-labeled riboprobes. Probes were synthesized from these linearized plasmids using either SP6 or T7 RNA polymerase following standard protocols (Roche). The region corresponding to each probe is indicated in Fig. 2B .
Larvae used for immunohistochemical analysis were fixed as for WMISH, stepped into PBS with 0.1% TritonX (PBSTx), incubated in PBSTx with 2% bovine serum albumin for 1 h and then incubated overnight at 4 8C with the addition of a 1:4000 dilution of anti-acetylated tubulin antibody. Larvae were washed several times with PBSTx, incubated as for the primary antibody in a 1:200 dilution of anti-mouse IgG conjugated to Cy3 overnight at 4 8C and then washed several times in PBSTx prior to mounting in 50% glycerol in 0.5 £ PBS.
Temporal expression
Relative abundances of AmOtx transcripts were determined using QPCR. Primers were designed to be specific to AmOtxa, AmOtxb-b or AmOtxb-a-1. Total RNA was extracted from staged embryos from at least two independent fertilizations and reverse transcribed as described above. PCR was performed on 1 ng of random primed cDNA using SYBRGreen with standard protocols on a GeneAmp 5700 (Perkin Elmer). An equal amount of total RNA was used as a QPCR template to test for levels of genomic DNA contamination, which were determined to be insignificant.
Normalized cycle thresholds ðDC t Þ were calculated as the cycle threshold ðC t Þ corresponding to the levels of AmUbiqutin minus the C t corresponding to the levels of the AmOtx variant in the same cDNA. The amplification efficiency is assumed to be 1.9 and hence values of relative abundance are calculated as DC 1:9 t : All values represent at least two PCR values from each of the two total RNA samples from independent fertilizations.
Perturbation strategy
The normal function of the AmOtx protein was perturbed using the same strategy adopted to disrupt endogenous SpOtx protein function in the sea urchin S. purpuratus. In this approach, mRNA encoding a fusion of the Drosophila engrailed repressor domain with the DNA binding domain of SpOtx (i.e. Eng-SpOtxHD(K); Li et al., 1999 ) is injected into the egg. The mRNAs are translated in vivo and bind to endogenous cis-regulatory target sites to repress the expression of the downstream targets of Otx. As the sequence of the DNA binding domains of the AmOtx and SpOtx predicted proteins are highly similar (56 out of 60 amino acids are identical) Eng-SpOtxHD(K) was used to suppress AmOtx downstream targets. The engrailed-Otx fusion mRNA that has a mutation at the 50th residue of the homeodomain from K to Q (Eng-SpOtxHD(Q)), was used as a control since this modification has been shown to prevent binding of the Otx protein to its target DNA sequence .
In vivo transcribed and capped RNA was synthesized from linearized plasmids with these fusions and purified as described previously .
Microinjection
Oocytes were fertilized and allowed to develop in FSW for 30 min. Jelly coats were removed by immersion in pH 4.0 FSW for 3-5 min with several passes through a 200 mm filter. Zygotes were rinsed in neutral pH FSW and maintained on agarose-coated dishes. Dejellying earlier than 30 min after fertilization, or with lower pH FSW, leads to an increase in abnormal development. Zygotes were adhered in rows in FSW on 1% (w/v) protamine sulphate covered dishes and injected using a Picospritzer II as described for S. purpuratus (Summers et al., 1993) .
Injection solutions consisted of 0.1-0.8 pg/pl of either Eng-SpOtxHD(K) or Eng-SpOtxHD(Q) mRNA in 200 mM KCl. Injection volumes were estimated to be 1/125th of total egg volume.
In some cases, zygotes were allowed to cleave once and one of the blastomeres was injected with 0.4 pg/pl of EngSpOtxHD(K) mRNA. Since the plane of first cleavage represents the plane of bilateral symmetry, half of the embryo will develop with Eng-SpOtxHD(K) mRNA; the other half will be unperturbed thereby providing an internal control.
Assay for endogenous alkaline phosphatase expression
Embryos were fixed in WMISH fix buffer with 4% paraformaldehyde for 5 -10 min at RT and washed several times in 100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM MgCl 2 and 0.1% Tween-20. Alkaline phosphatase expression was detected with NBT/BCIP as per manufacturer's instructions (Roche).
